H 2 -containing low-temperature plasmas are used in a wide range of industrial applications. In the past decades, efforts have been made to understand and improve the performance of these plasmas, mainly when operated at low-and medium-pressures. Studies of hydrogen containing plasmas at atmospheric pressure, however, are scarce despite the potential advantage of operation in a vacuum free environment. Here the chemistry of low-temperature atmospheric-pressure He+H 2 plasmas is studied by means of a global model that incorporates 20 species and 168 reactions. It is found that for a fixed average input power the plasma density decreases sharply when the H 2 concentration is higher than ~0.2%, whereas the atomic H density peaks at a H 2 concentration of ~2%. Operation at larger hydrogen concentrations leads to lower plasma density and lower H concentration because at high H 2 concentrations significant power is dissipated via vibrational excitation of H 2 and there is an increasing presence of negative ions (H -). Key plasma species and chemical processes are identified and reduced sets of reactions that capture the main physicochemical processes of the discharge are proposed for use in computationally-demanding models. The actual waveform of the input power is found to affect the average density of electrons, ions and metastables but it has little influence on the density of species requiring low-energy for their formation, such as atomic hydrogen and vibrational states of hydrogen.
Introduction
H 2 -containing low-temperature plasmas display strong reducibility, high diffusivity and slight electronegativity, finding use in a wide range of industrial applications, such as cleaning and passivation of oxide layers [ 1 , 2 ] , silicon crystallization [ 3 ] , polymerization [ 4 , 5 ] , etching [ 6 ] , plasma addressed liquid crystal displays [7] and growth of nanotubes (mixed with CH 4 or CF 4 as carbon source) [8, 9] . In the past decades, efforts have been made to understand and improve the performance of these plasmas, mainly when operated at low-and medium-pressures. Studies of hydrogen containing plasmas at atmospheric pressure, however, are scarce despite the potential advantage of operation in a vacuum free environment.
In this paper, low-temperature atmospheric-pressure He+H 2 plasmas are studied by means of a global model. Global models have been widely used to study the chemistry of low-pressure [10] [11] [12] and atmospheric-pressure [ 13 -16] plasmas, as they provide a computationally effective way of analysing plasma chemistry and identifying key chemical pathways. Global models of atmosphericpressure He+O 2 , He+H 2 O and He+O 2 +H 2 O plasmas have been reported in recent years and qualitative agreement have been found between computational results and experimental observations made via optical spectroscopy and mass spectrometry [14] [15] [16] [17] . The He+H 2 model used in this study incorporates 20 plasma species and 168 chemical reactions, which have been compiled from an extensive literature review.
Results are presented for a wide range of H 2 concentrations (1ppm up to 50%) and due to their application relevance, special attention is paid to the density and generation mechanisms of H and H -. Vibrational excitation of H 2 is also discussed as significant differences are found when comparing atmospheric-pressure He+H 2 discharge with their low-pressure counterparts. In addition, the power modulation effect on the plasma-induced species is discussed for four input power waveforms.
The manuscript is structured as follows. A description of the global model is given in section 2, and simulation results for a sinusoidal input power are presented in section 3, where density trends, generation/loss mechanism of selected species and power dissipation are discussed as a function of the H 2 concentration. Key plasma species and chemical pathways are also identified and reduced sets of reactions and plasma species are proposed for computationally intense models. Finally, in section 4, the influence of the time variation of the input power on the density of plasma species is discussed.
Computational model
Here we consider a global model of a discharge sustained between two parallel-plate circular electrodes with a radius of 1cm and a gap between them of 2mm. The He+H 2 discharge is sustained at atmospheric-pressure and it is excited by an RF source (13.56MHz) that delivers an average power density of 40W/cm 3 . The neutral gas temperature is assumed to remain at room temperature (300K), and the gas flow rate is set to 100sccm. These conditions are the same as the conditions used in similar computational studies of other atmospheric-pressure discharges and they reflect conditions encountered in actual experiments [14] [15] [16] . The H 2 concentration in the feed gas is varied between 1 part per million (ppm) and 50%, covering a wide range of He/H 2 admixtures relevant for applications.
Global models solve particle and power balance equations and they have been widely used to study the chemistry of low-pressure [12, 18] and atmospheric-pressure [13] [14] [15] [16] plasmas. They are zero dimensional models that neglect spatial variations by describing the plasma in terms of average quantities. As a result, global models are computational inexpensive and they can easily handle large sets of chemical reactions. Due to these simplifications and the uncertainty in some reaction rates, results of global models typically provide insights into key underlying chemical pathways in a qualitative manner.
The particle balance equation for each plasma species is given by [14] :
where n k [cm -3 ] is the number density of species k, G k [cm ] the flux of species k to the electrodes, α i,k the probability of producing species k by a reaction on the electrode from species i, β k the surface loss probabilities of species k and F the gas flow rate [sccm] . The first term on the right hand side represents volume processes, the second term the particle gain/loss due to surface reactions on the electrodes, and the third term the loss due to gas flow. Losses of species on the boundaries are dealt with as described in detail in previous works [14] . In brief, the negative ions are assumed to be confined by the ambipolar field, i.e.  -=0, and the electron loss balances the positive ion flux thereby keeping the plasma quasi-neutral. Although atmospheric-pressure sheath-dominated discharges in which quasi-neutrality does not hold have been reported in the literature, these occur in discharges with a smaller gap than the 2mm considered in this study [19, 20] . Diffusion in the radial direction is neglected here since the mean distance travelled by particles during their lifetime is much shorter than the radius of the electrodes [14, 21] : for a typical lifetime () of 1ms and a diffusion constant (D) of 1cm 2 /s, the distance travelled in a lifetime is Reaction rates needed to determine the generation/loss of species in the discharge (G k ) depend on the mean electron energy. This is determined by solving the power equation [11, 14] . Typically, it is assumed that power delivered to the plasma is mainly coupled to electrons although various schemes have been proposed to account also for power dissipation in the sheaths [10] [11] [12] [13] [14] . Here we follow the approach used in reference [14] . In addition, it is noted that a significant amount of power can also be coupled to ions in the bulk plasma of an atmospheric pressure discharge. The ratio of power coupled to ions in the bulk to the total (electrons + ions) power coupled to the bulk plasma is given by [21] :
Where μ e [cm ] is the electron mobility, n e [cm -3 ] the electron density,
] the mobility of ionic species k, and
] the density of ionic species k. In electropositive discharges the electron density is comparable to the ion density and due to its larger mobility most of the current in the bulk is carried by electrons and hence most of the power is coupled to the electrons. However, if the discharge becomes electronegative, the electron density will be smaller than the ion density and the ion current in the bulk may not be negligible when compared to the electron current. [22, 23] . Therefore, according to equation 2 even when the density of electrons and ions are equal, ~4% of the power dissipated in the bulk is coupled to the ions. Taking into consideration the energy coupled to ions in the bulk plasma, the electron power balance equation can be written as:
where e is the elementary charge, the plasma across the sheaths. Given the large collisionality of atmospheric-pressure discharges, the electron energy relaxation time is short and the electron temperature is expected to be markedly time-modulated. The actual waveform of the instantaneous power, however, is unknown a priory and for a fixed input voltage it will vary depending on the plasma density and discharge geometry [24] . For simplicity, results presented in section 3 assume that the input power varies as | |, where P ave is the phase average input power. A discussion on other time variations of the input power can be found in section 4.
Equation (1) and (3) are integrated using a self-developed MATLAB code that makes use of the built-in stiff ordinary differential equations solver ode23s to solve for the evolution of the electron temperature and species densities [25] . The time resolution is chosen so that the rf modulation is accurately captured and the simulations are run until the relative change in phase-averaged densities between consecutive cycles is less than 10 and larger cluster ions are not considered in this model due to the lack of reliable data. Reaction rate coefficients are either taken from the literature or calculated from cross section data using Bolsig+ [26] , a Boltzmann solver. In the latter case, look up tables of the reaction rates as a function of the mean electron energy and gas composition are generated and fed to the global model.
In a few instances where data was not available educated estimates have been made based on the recommendations given in references 27 and 28. Some cross sections for excited states of H 2 have also been estimated by shifting cross sections of the ground state by the threshold energy, as suggested in reference 12. 
Simulation results and analysis

Density of plasma species as a function of H 2 concentration
The phase-averaged density of charged species in He+H 2 plasmas as a function of H 2 concentration is shown in Fig.1 . The densities of He , He+O 2 [14] , He+H 2 O [15, 30] atmospheric-pressure discharges and it can be concluded that unless very high purity He is used (>99.999%), cluster ions will be the dominant ionic species in He atmospheric-pressure discharges.
The electron density is found to increase initially with the addition of hydrogen into the discharge, reaching a maximum at [H 2 ]~20ppm. The dependence of the electron density on the hydrogen concentration, however, is fairly weak as long as the hydrogen concentration remains less than ~0.2%. At higher hydrogen concentrations, the electron density decreases rapidly ( Fig.1 ) due to the increasing energy lost in vibrational excitation (see further discussion in section 3.3). It is noted that in experimental studies, a small fraction of H 2 around 1% is often introduced as a means to measure the electron density by Stark broadening of the H β line [ 31 -33 ] . If the electron density of an atmospheric-pressure helium discharge is to be measured, however, introducing less than 0.2% of hydrogen is recommended in order to minimize the change in electron density caused by the presence of hydrogen.
As shown in Fig.1 [14] and the implications in terms of plasma chemistry and energy dissipation are discussed in section 3.4. Finally it is noted that the Rydberg states of H 2 have a similar trend as the atomic hydrogen, with a maximum density at [H 2 ]~1% but with a density that is ~9 orders of magnitude smaller.
Atomic hydrogen is believed to be critical in many applications of hydrogen containing plasmas, such as passivation of oxide surface layer [ 1 ] , silicon crystallization [ 3 ] , etching [ 6 ] and air purification [ 34 ] . Therefore, an optimum feed gas composition for atmospheric-pressure He+H 2 plasmas would be He+2%H 2 as this would maximize the density of atomic H. Furthermore, limiting the concentration of H 2 to 2% would mitigate the risk of flame and/or explosion [35] . 
Generation and loss mechanisms of electrons, H -and H
As shown in Fig. 3a , electron generation is primarily due to Penning processes and the main electron loss mechanism is the loss to the electrodes (Fig. 3b) . This trend is similar to that observed in other helium-based atmospheric-pressure plasmas [14] [15] [16] 29] . The non-monotonous trend of the electron impact ionization rate shown in Fig. 3a reflects the variations in electron temperature shown in Fig. 1 . At [H 2 ]<20ppm, Penning processes become more efficient with increasing H 2 concentration, leading to a reduction in the mean electron energy required to sustain the plasma (Fig. 1) and thereby a decrease in the electron impact ionization rate.
The decreasing trend observed at H 2 concentrations beyond 1% is attributed to the lower electron density present in the discharge at high H 2 concentration (Fig. 1) .
It is noted that dissociative attachment of vibrational excited H 2 () and H 2 (R) play a limited role in the electron density balance (Fig. 3b ). This is due to the high collisionality of atmospheric plasmas, which results in rapid collisional quenching of energetic states. As a result, dissociative attachment in atmospheric-pressure He+H 2 plasmas plays a much lower role in the electron balance than in low-pressure H 2 -containing plasmas [36] .
(a) (b) The main production mechanism of H -in hydrogen containing plasmas remains unclear [37, 44] and in low-pressure discharges it is normally attributed to the following two processes [36] :
R55
Regarding the dissociative attachment of vibrationally excited H 2 () (R51-54), it is found that the process is dominated by the dissociative attachment of high-energy states, i.e. H 2 (''). This agrees with the trend observed in medium-pressure hydrogen discharges [ 7 ] . The rate coefficients for reactions R51-55, however, are not well defined and this has contributed to the controversy over the main mechanism leading to H -production. Here we have assumed that the rate of R55 is 6×10 -5   cm   3 /s, one of the largest values reported in the literature [37] , and found that the contribution of , which rapidly reacts with helium atoms to release H. However, higher H density can be obtained when the H 2 content is larger than 50ppm (Fig. 2) . Under these conditions, the main generation mechanism of H is electron impact dissociation (R23), which reaches a maximum rate at [H 2 ]~2%. The decreasing rate at higher H 2 concentrations is attributed to the decrease of both electron density (see Fig.1 ) and electron temperature as more input power is coupled into vibrational excitation of H 2 (section 3.3). Other generation processes, such as electronion recombination, electron impact dissociation of H 2 () and reactions between neutral species, have negligible contribution. At low H 2 concentration Penning ionization (R118 and R121) leads to the loss of atomic H (Fig. 5b) but at higher concentrations three-body recombination reactions (mainly R128 and R130) dominate the loss mechanism.
For a H 2 concentration of ~2% that leads to the maximum H production (Fig. 1) , He+H 2 O [15] plasmas.
At high H 2 concentrations ([H 2 ]>2%), however, the main power dissipation channel switches to inelastic processes, in particular to vibrational excitation of H 2 . It is noted that vibrational excitation in He+H 2 plasmas is much more efficient than in admixtures of other molecular gases (e.g.
He+O 2 [15] ) due to the large cross sections for vibrational excitation of H 2 and the low energy of these states (0.516 to 1.46eV for H 2 (=1~3) [38] ). As a result, vibrational excitation becomes the main power dissipation mechanism when [H 2 ]>2% and therefore although vibrational excitation to H 2 (=1~3) have been neglected in some studies of low-pressure plasmas [7, 39] , this should be taking into account in atmospheric-pressure discharges. In fact the rapid drop in electron density observed in Fig.1 is a consequence of the increase in energy lost into vibrational excitation and neglecting vibrational excitation would result in a different electron density trend.
Power coupling into other inelastic collision processes required to maintain the discharge, such as electronic excitation, ionization and dissociation, is most efficient for hydrogen concentrations around ~2% (Fig. 6 ), when ~24% of the input power is coupled into them.
In addition to the power coupled into the electrons and dissipated via elastic and inelastic collisions (Fig. 6 ), 3-4% of the input power is directly coupled to the ions (see discussion accompanying Eq.(2) and Eq.(3)). 
Main species and chemical reactions
The model used in this study incorporates a fairly large number of species and reactions. While these can be easily handled by a global model, it is of interest to identify a subset of reactions that can capture the main physic-chemical processes but with reduced numerical demands. Such a reduced model could then be used in computationally-expensive models, such as multi-dimensional fluid models and particle-in-cell simulations.
The criteria used to identify the main species and reactions are the ones detailed in Ref. [15] . In brief, once the simulation has reached steady state, species with density larger than 5% of the total positive ions density are deemed to be important, and reactions with a contribution to particle balance of one key species above 5% are deemed to be key chemical pathways. In addition, some intermediate species that do not reach the threshold density but contribute significantly to the particle balance of a more abundant species are also considered. 15 main species and 41 key reactions are identified for regime RG1, whereas 14 main species and 29 key reactions are proposed for regime RG2. These species and reactions are identified in Table 1,   and Table A1 . It is noted that a further reduction can be accomplished if different vibrational states can be combined into an "effective" vibrational state. This is possible because as indicated in Fig. 7 , population of vibrational states do not interact significantly with the rest of the discharge chemistry and electron impact excitation and collisional quenching control primarily their balance. 141: 144 : 
Effect of power modulationon plasma-induced species
The results discussed in previous sections assume that the instantaneous input voltage (P(t)) varies according to | |. This is an approximation of the actual time evolution of the instantaneous power delivered to the discharge and therefore it is important to assess the dependence of the results on this approximation. To this end, four different input power waveforms with the same average input power (40W/cm 3 ) have been simulated: constant power, absolute value of asinusoidal waveform, square pulse with a 50% duty cycle and square pulse with a 25% duty cycle. Figure 8 compares the phase-average density of various plasma species. For the sake of clarity, the main plasma-induced species ( As shown in Fig.8 , the density of atomic H and H 2 (v) are quite insensitive to the actual evolution of the input power and this is true for species requiring low electron energies for their formation.
Differences, however, are found in the average density of excited and charged species. The evolution of the electron temperature during one cycle is shown in Fig.9 for each of the four input power waveforms. It can be seen that the maximum electron temperature increases from T e~2 .5eV
for the constant input power up to 3.25eV for the square pulse with 25% duty cycle. Due to the nonlinear dependence of excitation/ionization rate on the electron temperature, the pulsed power with 25% duty cycle is the most efficient in generating species that require impact with high energy electrons, such as helium metastables (ε th =19.8eV) and hydrogen ion (ε th =15.4eV), helium ion (ε th =24.6eV). This also results in an enhancement of electron generation via Penning processes (relaxation of helium metastables) and electron impact ionization of He and H 2 . No significant difference is observed in the density of species that require lower energy. From an application point of view, it is of interest to identify the conditions that lead to the largest production of atomic H. It is found that this occurs when the hydrogen density is ~2%. At lower H 2 concentrations there is less hydrogen available in the gas whereas at higher concentrations the increasing energy lost in vibrational excitation and the increase in three-body recombination involving H 2 result in a less efficient H production.
Due to the large collisionality of atmospheric pressure plasmas, the electron temperature is expected to be markedly time-modulated. It is found that although the input power waveform have a significant impact on the density of excited and ionic species, species with low energy threshold for the formation such as hydrogen atom and vibrational excited states of H 2 are fairly insensitive to the actual waveform of the input power. 
